The objective of this study was to evaluate the reproductive risk associated with exposure of adult male Fisher-344 rats to inhaled benzo(a)pyrene (BaP). Rats were assigned randomly to a treatment or control group. Treatment consisted of sub-chronic exposure of rats via inhalation to 75 mg BaP/m 3 , 4 h daily for 60 days, while control animals were unexposed (UNC). Blood samples were collected immediately after the cessation of exposures (time 0) and subsequently at 24, 48, and 72 h, to assess the effect of bioavailable BaP on plasma testosterone and luteinizing hormone (LH) concentrations. Rats were sacrificed after the last blood collection. Testes were harvested, weighed and prepared for histology and morphometric analysis, and cauda epididymides were isolated for the determination of progressive motility and density of stored spermatozoa. BaP exposure reduced testis weight compared with UNC (mean7SE; 2.0170.11 versus 3.0470.16 g; Po0.025), and caused significant reductions in the components of the steroidogenic and spermatogenic compartments of the testis. Progressive motility and mean density of stored spermatozoa were reduced (Po0.05). Plasma testosterone concentrations were decreased by two-thirds in BaPexposed rats throughout the time periods studied compared with those of their UNC counterparts (Po0.05), concomitant with increased concentrations of LH in BaP-exposed rats (Po0.05). These data suggest that sub-chronic exposure to inhaled BaP contribute to reduced testicular and epididymal function in exposed rats.
Introduction
In roughly 50% of infertile couples, the male factor is partially responsible for the failure to conceive (Jarow and Zirkin, 2005) . Of the known causes of male infertility, 50% are potentially correctable with therapy (Greenberg et al., 1978) . The remaining known causes such as genetic/chromosomal abnormalities, gonadotoxin exposure, and testicular trauma are not amenable to therapy. In approximately 25% of men evaluated, no identifiable cause of their abnormal semen analyses can be found; hence, the diagnosis of idiopathic male factor infertility (Jarow and Zirkin, 2005) and could be secondary to exposure(s) to environmental/occupational reproductive endocrine disruptors. Reproductive endocrine disruptors can alter the hypothalamo/hypophyseal and testicular hormones that regulate spermatogenesis and epididymal sperm maturation. One such endocrine disruptor that is prevalent in the environment and reduces plasma testosterone concentrations and epididymal function is benzo(a)pyrene (BaP; Inyang et al., 2003) . BaP is a high molecular weight, semivolatile, lipophilic compound that belongs to the polycyclic aromatic hydrocarbon (PAH) family. This prototypical representative of PAHs is ubiquitous in the environment, hazardous waste sites (around 600 on the National Priority List for cleanup; ATSDR, 1995) and in foodstuffs due to their formation by the incomplete combustion of fossil fuels, wood and other organic matter and subsequent deposition. Inhalation, consumption of contaminated foods and water are the relevant routes of exposure of humans to PAHs (Ramesh et al., 2004) .
PAHs cause toxicity in several organs including gonads (Inyang et al., 2003; Knuckles et al., 2001; Archibong et al., 2002) after metabolic activation to electrophilic intermediates. These intermediates are capable of covalent binding to cellular macromolecules such as DNA, RNA, or proteins before their deleterious effects ensue (Baird and Ralston, 2004) . The first step in metabolic activation of PAHs occurs via microsomal cytochrome P450-dependent monooxygenase system. The epoxides formed may either spontaneously rearrange, undergo hydrolysis by epoxide hydrolase, or be conjugated by related enzymes to BaP 7, 9, , which require recycling of PAHdiols through the microsomal monooxygenase system (Baird and Ralston, 2004) . Ramesh et al. (2002) demonstrated significant levels of BaP metabolites in the testis of exposed rats. The substantial presence of BaP and some of its metabolites in the male gonads even after 8 h (oral), or 4 h (inhalation) post-exposure , suggests their incorporation into the Leydig lipogenic tissue and possible alteration of normal steroidogenic and spermatogenic function. We have shown that sub-acute exposures of adult male rats to BaP results in reduced plasma total testosterone concentrations and stored sperm motility among BaPexposed compared with control rats (Inyang et al., 2003) . The lack of effect on testis weight and stored sperm density observed in the latter study, suggests inadequate duration of exposure of rats to BaP to effect observable decline in testicular exocrine function.
The objective of this study was to assess the effect of sub-chronic exposure of adult male rats (60 days, a period encompassing one sperm cycle in the aforementioned species; (Working and Chellman, 1993) to BaP on their indices of fertility.
Materials and methods

Animals and exposure
Adult male Fisher-344 rats, approximately 12-13 weeks of age and weighing approximately 340-360 g, were purchased from Harlan Sprague Dawley (Indianapolis, IN). Animals were housed in pairs, in polyethylene cages and allowed to acclimatize to the animal care facilities for 1 week prior to initiation of studies. Rats were maintained in an environmentally controlled room with a 14 h light: 10 h dark cycle (lights on at 6.0 AM), 22 1C and humidity range of 50-60% and allowed ad libitum access to commercial rat chow (5001 Lab meal, Ralston Purina Co., MO, USA) and water. Before initiation of animal exposures to BaP via inhalation, all rats were acclimated to 52 port Cannon nose-only exposure chambers, 4 h a day for 3 days. Subsequently, rats were randomly assigned to a treatment and a control group (n ¼ 10 per group). The group size was selected on the basis of consensus-study protocols for toxicity testing for environmental agents developed or codified by several organizations, including United States Environmental Protection Agency (USEPA) and the Organization for Economic Co-operation and Development (OECD; NRC, 2006) . Treatment consisted of sub-chronic exposure of rats to 75 mg BaP/m 3 via nose-only inhalation, 4 h daily for 60 days, using a state-of-the-art dual-component aerosol generator developed in our laboratory . Carbon black (CB) was used as a carrier for BaP because it adsorbs and strongly binds to PAHs (Accardi-Dey and Gschwend, 2003) and was not known to be mutagenic or carcinogenic in mammalian systems (Anon, 2004) . Rats in the control group served as unexposed controls (UNC). We did not control for the carrier of BaP (CB) because of the lack of effect of sub-acute Inyang et al., 2003) and sub-chronic exposures to CB (Anon, 2004) on the endocrine and reproductive characteristics of rats. Even though rats in the UNC group were unexposed, they were subjected to conditions of restraint similar to those imposed on rats exposed to BaP via inhalation. In short, the UNC animals were placed in the same nose-only exposure tubes and the tubes placed in sham exposure units. This setup ensured that both the controls and BaP-exposed animals were subjected to identical exposure conditions. This study was approved by the Animal Care and Use Committee of Meharry Medical College, Nashville, TN and conforms to the guidelines of the US EPA (1989) and the European Union (1992) for conducting inhalation exposures. Details on the design, fabrication, installation, and characterization of the exposure system are reported in Hood et al. (2000) . The methods for aerosol generation, preparation of CB cakes and impactor substrates as well as the characterization and quantitation of BaP aerosol and substrate extraction, analysis and quality assurance/control are detailed in our previous study (Inyang et al., 2003) .
Control and BaP-exposed rats were weighed prior to initiation of exposures, followed subsequently by weekly weight (BW) monitoring throughout the duration of the study to determine whether BaP affected thriftiness among treated animals.
Post-exposure processing of tissue samples
Blood samples were collected via sinus orbital puncture using heparinized pulled Pasteur pipettes, between 17:00 and 18:00 h immediately following the last exposure (on day 60; 0 h) and at 24, 48, and 72 h post initial sampling into heparinized polyethylene tubes. Subsequently, plasma was harvested post centrifugation at 2000g at 4 1C for 10 min from each blood sample and stored at À20 1C until assayed for testosterone and luteinizing hormone (LH). Following the last blood sampling, animals were sacrificed by CO 2 asphyxiation, testes harvested and weighed. Other organs of interest in this study (lungs, liver, and epididymides) were also harvested. The right testis, lungs and liver were used for the determination of BaP metabolite concentrations and aryl hydrocarbon hydroxylase (AHH) activity, while the left testes were processed for histologies and morphometric analysis according to the method of Lunstra et al. (1986) . Briefly, testis pieces were fixed in 3.8% formaldehyde in 1% phosphate-buffered saline (PBS, pH 7.4; Protocol fixative solution, Fisher Scientific Inc.) at room temperature. Following embedding in paraffin wax, serial sections (5 mm) were cut from the middle of each testis preparation. Sections were dried overnight onto glass slides at 37 1 C and stored at room temperature (26 7 2 1C) until processed for histology. For staining and morphometric evaluation, sections were deparaffinized in Microclear (2 Â 5 min; Micron Environmental Industries, Fairfax, VA) and rehydrated through graded ethanol (2 Â 100%, 2 Â 95%, and 1 Â 70%). Sections were rinsed thoroughly in water, stained with haematoxylin, dehydrated, cleared in Microclear and mounted using DPX mounting media (Fluka, Germany). Stained sections were stored at room temperature until morphometric analysis was conducted. Stored spermatozoa were recovered from the cauda epididymides of each animal for the determination of sperm motility and density as described below.
Morphometry and histopathology
Stained testis sections were evaluated at 50 Â magnification using a Zeiss Axioplan-2 Photomicroscope equipped with planaphotochromatic objectives for differential interference contrast microscopy. This microscope is coupled with a computerized morphometric planimetry system (Bioquant Nova 2000 Advanced Image Analysis, R&M Biometrics, Nashville, TN) to facilitate the measurement of tubule diameters and area percentages (volume percentages) occupied by seminiferous tubules and interstitium. Two full crosssections from near the middle of each testis were used in these evaluations. Four areas randomly selected to represent each quadrant on each section were evaluated. Briefly, images from an Optronics DEI-750 triple-CCD color camera attached to the microscope were displayed on a high-resolution (1600 lines/in) color video monitor and the tubular components of the parenchyma were measured by tracing outlines of whole seminiferous tubules (about 60 tubules per rat) using a computer mouse connected to a high-resolution digital pad. Thus, approximately 10 Â 10 6 mm 2 was evaluated per testis (approximately 1.2 Â 10 6 mm 2 evaluated per quadrant). For all morphometric calculations, specific gravity of the testicular tissue was assumed to be 1.0, and area percentages were assumed equal to volume percentages (Weibel, 1973) . No correction factor for shrinkage was applied, since the samples used for comparison were fixed and processed into paraffin blocks using identical conditions. Morphometric assessments included the evaluation of the percentage tubular volume, percentage interstitial volume, average tubule diameter, and percentage tubules displaying elongated spermatids (i.e., full spermatogenesis), were conducted as described previously (Jime´nez-Severiano et al., 2005; Okwun et al., 1996) . The volume percentage of seminiferous tubules was multiplied by testicular volume per paired testes to obtain total tubular volume, and then divided by average area per round tubule profile, using the formula for volume of a cylinder, to obtain total length of seminiferous tubules per paired testes (Okwun et al., 1996) .
Extraction and analysis of tissues for benzo(a)pyrene metabolites
Right testes, lungs and liver samples retrieved from BaP-exposed and UNC rats were subjected to liquidliquid extraction with deionized water, chloroform and methanol. Subsequently, the metabolites from the extracts were identified and measured by a reverse-phase HPLC equipped with a UV and a fluorescence detector as detailed in Ramesh et al. (2001) .
Aryl hydrocarbon hydroxylase (AHH) assay
Microsomes were isolated from lung, liver and testis homogenates as outlined in Ramesh et al. (2000) and the enzyme activity was expressed as nMol 3(OH) BaP/min/ mg of microsomal protein. Microsomal protein concentrations were determined according to the method of Bradford (1976) . The AHH activity of the sub-cellular preparations was assayed according to the method of Yang et al. (1978) .
Recovery of stored spermatozoa and the determination of sperm progressive motility and sperm density
Highly motile spermatozoa were harvested from excised cauda epididymides per rat according to the method of Slott and Perreault (1993) . Briefly, both ends of excised cauda epididymides were clamped to increase pressure within the tubules, following which, epididymal tubules were punctured in blood capillary-free zones. Exuding spermatozoa were scooped with sterile Pasteur pipette and placed in 2 ml of pre-equilibrated Armstrong's medium (Evans and Armstrong, 1984) at 37 1C in an atmosphere of 5% CO 2 in air in a 35 mm Â 10 mm Petri dish (dish A; Becton Dickinson, Franklin Lakes, NJ). Remnant cauda epididymides were minced in 2 ml of pre-equilibrated Armstrong's medium (at conditions mentioned above) in a 35 mm Â 10 mm Petri dish (Becton Dickinson, Franklin Lakes, NJ) and allowed to incubate for 5 min to permit spermatozoa to swim out of the epididymal tubules (dish B) following which, cauda epididymal fragments were removed. Percentage sperm progressive motility was determined in each dish A by phase contrast microscopy. Spermatozoa were considered progressively motile if they moved from one point to another. In order to determine stored sperm density per paired epididymides, sperm preparations in dishes A and B were pooled per rat and sperm density was determined by hemocytometric counting.
Determination of epididymal sperm morphology
Morphologies of recovered stored spermatozoa were assessed with a light microscope on 100 cells according to the criteria of Filler (1993) .
Plasma testosterone and LH determination
Plasma samples from UNC and BaP-exposed rats were analyzed for testosterone and LH by radioimmunoassay methods previously validated in our laboratory (Archibong et al., 1987; Inyang et al., 2003) . The sensitivity of testosterone assay was 2 pg/ tube and the intra-assay coefficient of variation (CV) was 8%. The inter-assay CV for this assay is not available because testosterone concentrations in all samples were determined in a single assay. The sensitivity of LH assay was 0.08 ng/tube and the intraand inter-assay CVs were 6.5% and 11.0%, respectively.
Statistical analyses
Data on weekly body weights, testosterone and LH concentrations were analyzed by ANOVA with repeated measures and the differences among means were tested with orthogonal contrasts. Those on testis weight, density of stored spermatozoa, sperm morphological forms, BaP metabolite concentrations and AHH activity were compared by unpaired t-test. Data on percentage progressive sperm motility and morphometric assessments of testicular histologies were analyzed by w 2 and the GLM procedure of SAS Version 6.12 (SAS/STAT, 1990), respectively.
Results
Weekly body weights of UNC and BaP-exposed rats were similar during the 9 weeks of this study (Fig. 1) . Table 1 depicts the morphometric characteristics of rat testis exposed to BaP via inhalation. Testes from BaPexposed rats weighed 34% less (Po 0.025) than those recovered from their UNC counterparts. Tubule diameter (mM) and percentage of tubules exhibiting elongated spermatids were similar between UNC and BaP-exposed rats. However, exposure to BaP caused a reduction in total tubular volume (Po0.002), total weight of tubules (Po0.002) and total tubular length (Po0.01) per paired testes compared with those of their control counterparts. Similarly, both total volume and total weight of interstitium per paired testes were reduced by approximately 12% by exposure of rats to BaP compared with those of testes recovered from control rats (Po0.05). While the shrinkage of seminiferous tubules due to formalin preservation is not discounted, testicular tissue samples from BaP-treated and control rats were left in neutral-buffered formalin for a shorter duration (less than 48 h) to avoid hardening but provide ease of sectioning. Short-term formalin fixation followed by processing into paraffin wax provided better preservation of structures. Under these conditions, the observed shrinkage was less than 3% in both controls and treated animals compared with rat testes preserved in Bouin's solution. Thus, the formalin-induced shrinkage was artifactual and did not impair the functional value of the data considerably. The apparent formalin-caused shrinkage notwithstanding, these morphometric data collectively suggest that exposure of rats to BaP caused reduced testis weight. Some of the above mentioned pathological changes are depicted in the photomicrographs of BaP and UNC testis histologies (Fig. 2) . The concentrations of BaP metabolites of toxicological interest ([7,8-dihydrodiol ; precursor for 7,8-diol 9,10-epoxide] and 3,6-dione) were elevated in the testicular, liver and lung tissues of BaP-exposed rats relative to the aforementioned tissues recovered from UNC rats. Furthermore, AHH activity was higher in testicular, liver and lung tissues recovered from BaP-exposed rats compared with that measured in corresponding tissues from UNC rats ( Table 2 ).
ARTICLE IN PRESS
The percentage of progressively motile stored spermatozoa and stored sperm density were lower among BaP-exposed rats than their UNC counterparts (Table 3 ). Rats exposed to BaP disproportionately produced fewer morphologically normal spermatozoa than their controls counterparts. The mean percentage of the prevalent abnormal morphologic form of spermatozoa present in the cauda epididymides of rats exposed to BaP compared with those of UNC rats (Table 3) was decapitated spermatozoa (Fig. 3) . The mean percentage of tail abnormalities was similar between spermatozoa recovered from BaP-exposed and UNC rats (Table 3) .
Concomitant with the reduction in the above-mentioned reproductive indices among BaP-exposed rats, plasma testosterone concentrations were also reduced (Po0.05) to approximately one-third of those observed in UNC rats (Fig. 4) . On the contrary, LH concentrations were elevated in BaP-exposed rats (Po0.05; Fig. 5 ) compared with rats in UNC group, throughout the time periods studied. . Magnification bar ¼ 250 mm. Though the seminiferous tubules appear qualitatively similar, the size of tubular lumens and length decreased in BaP-exposed rats, compared with controls. This indicates a reduction in spermatogenic activity and loss of fluid in the seminiferous tubules due to decreased testosterone production, thus the decreased testis size.
Discussion
The exposure concentration of BaP used in this study was based on earlier studies in our laboratory in which a sub-acute exposure concentration of 75 mg/m 3 reduced circulating gonadal steroid concentrations and sperm motility Inyang et al., 2003) . The exposure concentration of BaP used in this study is within the range (10 mg to 2 mg/m 3 ) present in the environment from sources such as aluminum smelter and coke oven battery industries (WHO, 1998), ambient air of highly polluted industrial cities (Chorazy et al., 1994) , cooking oil and wood combustion fumes (Viau et al., 2000) , and home heating with coal-gas (WHO, 1998) . Furthermore, the exposure concentration of BaP used in this study is close to the legally enforceable limit of 100 mg/m 3 established for PAHs by the Occupational Safety and Health Administration (OSHA, 1998). b It is not unusual to have background levels of BaP metabolites in controls as some of these rats may have been inadvertently exposed to carbon black vapor, the vehicle for BaP and which may contain residual levels of BaP. However, the background levels seen in controls were low, and the metabolite data for BaP-treated rats were corrected for control values. The exposure concentration of BaP used in this study did not affect weekly weight gains in exposed versus UNC rats. These data suggest that inhaled BaP, at the exposure concentration administered, the daily duration of exposures and the manner in which animals were restrained, did not impose undue stress on the rats, hence the identical weight gains between BaP-exposed and UNC rats.
ARTICLE IN PRESS
We observed a significant reduction in mean testis weight among BaP-exposed rats compared with their UNC counterparts, an observation similar to that made by Blazak et al. (1985) for adult rats and by Singh and Tate (1981) in adult hamsters, suggesting toxicity of BaP to the testis (Lipshultz and Corriere, 1977) . It is apparent from our testicular morphometric data that BaP exposure reduced components of both the steroidogenic and spermatogenic compartments of the testis but more so the latter compartment compared with controls (12% reduction in both total volume and total weight of interstitium per paired testis [steroidogenic compartment] versus 20% reduction in both tubular volume and tubular weight and 40% reduction in tubular length [spermatogenic compartment]). This is not surprising in as much as the testis bulk (85%; Lipshultz and Witt, 1993) is involved in sperm production; consequently, when seminiferous tubular cells such as Sertoli cells undergo apoptosis due to exposure to BaP (Raychoudhury and Kubinski, 2003) , paracrine mediators involved in the regulation of spermatogenesis (Ku and Chapin, 1993) are reduced, leading to a reduction in spermatogenetic support and testicular mass.
The presence of significant concentrations of BaP metabolites in the testis, lung and liver of exposed rats compared with controls is similar to our previous findings and those of other investigators (Lee and Nagayama, 1980) in the aforementioned organs of exposed rats. These findings indicate the presence of constitutive and inducible metabolic enzymes for this PAH in the aforementioned organs. Furthermore, the higher activity of AHH (a marker for CYP1A1 and CYP1B1 enzymatic activity; Ou and Ramos, 1992) in the above mentioned organs confirms the inherent ability of these organs to metabolize BaP upon exposure. This metabolizing enzyme has been shown to be regulated by the aryl hydrocarbon receptor (AhR) and the AhR nuclear translocator (ARNT) complex (Nebert et al., 2000) . The metabolism of BaP by this system induces the formation of reactive metabolites such as BaP diol epoxide, 3,6-dione and 7,8-dione and ultimately, the production of reactive oxygen species (ROS; Senft et al., 2002) . It is therefore conceivable that prolonged induction of AHH is associated with the production of high levels of ROS, enough to overwhelm the antioxidant defense systems and consequently, lead to the alteration of endocrine milieu required for normal organ function (s) and in this instance, testosterone regulated epididymal function (Inyang et al., 2003) .
Additionally, we observed a significant decrease in mean stored sperm density among BaP-exposed versus UNC rats. This observation is most likely due to BaPinduced reduction in sperm numbers (Singh and Tate, 1981; Revel et al., 2001 ) transported into the epididymides post spermeation. According to Plant and Marshall (2001) , high intratesticular testosterone concentrations are required for the regulation of spermatogenesis, the reduction of which result in fewer matured sperm produced by the testis. Furthermore, the reduced concentrations of plasma testosterone among BaPexposed rats compared with UNC may have caused a rapid regression in the epididymal epithelium, especially in the initial segment and the proximal caput epididymal region (Jones, 2004) . Consequently, epididymal sperm maturation and survival were adversely affected and during the ensuing weeks, only a few degenerated sperm became present in the cauda epididymides and vas deferens (Jones, 2004) . Raychoudhury and Kubinski (2003) reported that in vitro exposure of isolated rat Sertoli cells to BaP resulted in cellular changes characteristic of apoptosis. Although Sertoli cells were not enumerated in this study, the dramatic reduction (39%) of total tubular length in BaP-treated rats implies that a significant reduction in Sertoli cell numbers also occurred during BaP exposure. Sertoli cells initiate, support, maintain and regulate spermatogenesis in mammals by (1) providing structural and functional barrier that regulate the movement of extratubular blood-borne components into the seminiferous tubular environment, (2) nutrients utilized by developing germ cells, and (3) synthesizing and secreting paracrine mediators proposed to be involved in the regulation of spermatogenesis (Ku and Chapin, 1993) . Thus, the reduced stored sperm density observed in this study may have been due to reduced spermatogenesis resulting from BaP-induced reduction in testosterone synthesis and release via ROSinduced oxidative damage to Leydig cells (Senft et al., 2002) , DNA damage and apoptosis in spermatozoa and Sertoli cells (Raychoudhury and Kubinski, 2003; Revel et al., 2001) .
Interestingly, exposure of rats to inhaled BaP significantly reduced progressive motility among stored spermatozoa compared with that of their control counterparts. The present observation is in agreement with our previous data in which rats were exposed subacutely to BaP (Inyang et al., 2003) and to those of Selevan et al. (1995) and Sram et al. (1999) who observed poor semen quality among young men in Czech Republic exposed to air highly polluted with PAHs. The similarity in this important sperm motion characteristic between rats exposed sub-acutely and subchronically to BaP, suggests that the reduction in motility of stored sperm by BaP ensued before the 11th day of exposure. This assumption is based on the significant decline in sperm motility among rats similarly exposed to BaP for duration of 10 days (Inyang et al., 2003) . Sperm progressive motility is positively correlated with fertilization of oocytes (Donnelly et al., 1998) and pregnancy rates (Jouannet et al., 1988) , the decline of which is one of the markers of male reproductive toxicity and also an indicator for the onset of infertility (Perreault, 1997) . Post exposures, PAHs undergo an AHH-mediated transformation into reactive metabolites (Ou and Ramos, 1992; Nebert et al., 2000) , which subsequently induce ROS production. ROS have been detected in the epididymis (Taylor, 2001) and have been shown to contribute to poor sperm motility (Aitken et al., 1993) .
Mature spermatozoa acquire the ability to move progressively during epididymal transit, a process that is regulated by testosterone and dihydrotestosterone (DHT; Klinefelter, 1997) . In this study, we observed a significant reduction in total testosterone in BaPexposed rats compared with controls. This observation is significant because it suggests that the reduced sperm motility observed among treated rats is secondary to reduced epididymal exposure to physiological concentrations of androgens. According to Vinggaard et al. (2000) , Kizu et al. (2003) , and Charles et al. (2005) , PAHs including BaP and/or their metabolites perturb the androgen-dependent processes in target tissues by acting as antiandrogens. Benzo(a)pyrene may interrupt epididymal function by competing for androgen receptors in this organ (Mahony and Hodgen, 1995) . Besides androgens, estrogens are also vital for male reproductive function via its receptors, whose synthesis it mediates. Our studies and others (Raj and Katz, 1984) indicate that BaP reduces the synthesis and release of estradiol 17b and as a consequence, a reduction in its receptor population in target organs. Therefore, it is conceivable that BaP contributes to testicular and epididymal dysfunction by reducing circulating concentrations of testicular steroids.
In addition to sperm motility, spermatozoa with abnormal morphologies were disproportionately represented in samples of stored spermatozoa from BaPexposed rats than their control counterparts. This observation is similar to that made by Singh and Tate (1981) and Raj and Katz (1984) in mice exposed to BaP and dimethylbenz(a)anthracene, respectively. In human studies, Sram et al. (1999) demonstrated a significant relationship between air contaminated with PAHs and the production of spermatozoa with abnormal morphologies in the Czech Republic. The reduction in the percentage of normal morphologic forms of spermatozoa may be related to BaP-induced reduction of testosterone synthesis and release. If BaP reduces intra-testicular steroidogenesis substantially during sub-chronic exposure, the level of testosterone reaching the epididymides from general circulation and testicular fluid (Jones, 2004) may not be sufficient to optimally regulate the epididymides. This scenario could lead to a significant reduction in sperm maturation, survival and ultimately to the presence of degenerated spermatozoa in the cauda epididymides and vas deferens (Jones, 2004) . The increased percentage of decapitated spermatozoa in the cauda epididymides of BaP-exposed rats compared with UNC could be likened to the degenerating conditions of stored spermatozoa due to chronic deprivation of the epididymides of adequate testosterone. This is comparable to the situation found in seasonal-breeding animals at the time of testicular regression, when large numbers of semicondensed spermatids and decapitated spermatozoa are present in the epididymis (Millar, 1972) .
The circulating testosterone concentrations in control rats in this study are similar to those reported by Laurenzana et al. (2002) and Inyang et al. (2003) . The profile of this testicular androgen remained virtually unchanged during the four time periods studied (time 0-72 h post cessation of exposures). On the contrary, circulating testosterone in BaP-exposed rats decreased significantly throughout the above-mentioned time periods and may have resulted from the exposure of Leydig cells to sequestered BaP in high-density lipoproteins that are essential for steroid hormone biosynthesis (Polyakov et al., 1996) . Mandal et al. (2001) have demonstrated that DMBA inhibits the ability of Leydig cells to synthesize and release testosterone.
Although the specific mechanism involved in the regulation of this steroid by BaP is not examined in the present study, it could be surmised that the metabolism of BaP by Leydig cells or the BaP metabolites produced elsewhere in the body and transported to the testis may have adversely affected these cells. In this context, it is worth mentioning that the tissues in the male reproductive organs and the Leydig cells in particular extensively metabolize PAHs including BaP Lee and Nagayama, 1980; Williams et al., 2000) . The metabolites of inhaled BaP may have significantly reduced the ability of the Leydig cell to synthesize and release testosterone due to ROS-induced aging (Senft et al., 2002; Mandal et al., 2001) . Peltola et al. (1996) have shown that ROS can damage critical components of the steroidogenetic pathway in Leydig cells, including steroidogenic acute regulatory (StAR) protein (Diemer et al., 2003) . The reduction in the synthesis and release of testosterone could be exacerbated by a reduction in the population of Leydig cells via apoptosis as exemplified in data on Leydig cells from rats exposed to cigarette smoke (Yardimci et al., 1997) . Our data show a decrease in the interstitial volume and weight in BaP-exposed versus UNC rat testis histological preparations, suggesting the loss of Leydig cells. Also, the reactive metabolites of BaP may have disrupted androgen function by reducing androgen receptor levels in testes (Plant and Marshall, 2001) , particularly in Sertoli cells. Such a decrease could result in decreased intratesticular androgen binding proteins. Androgen binding proteins are required for the maintenance of high concentrations of testosterone in the testis, a requirement for the maintenance of optimal spermatogenesis after its initiation by FSH (Plant and Marshall, 2001) . A reduction in intra-testicular testosterone normally results in reduced spermatogenesis (Jeyaraj et al., 2005) and could explain the reduced density of stored spermatozoa among BaP-exposed rats in this study compared with controls. Furthermore, decreased testosterone levels similar to that observed in the present study upon prolonged exposure to BaP may have implications on successful mating of females by BaPexposed males (Karabelyos and Csaba, 1996) . Additionally, it is very likely that the reduction in the circulating testosterone concentrations by BaP may be secondary to the induction of the liver cytochrome P450s that are necessary for detoxification of BaP (Baird and Ralston, 2004) .
Decreased plasma concentrations of testosterone in BaP-exposed rats were accompanied by concomitant increases in plasma LH concentrations throughout the time periods studied, indicating that BaP did not have a direct effect on this pituitary gonadotropin, but rather a reflection of BaP-induced Leydig cell failure to respond to LH. The observed elevated plasma concentrations of LH among BaP-exposed versus UNC rats could result from reduced aromatizable androgens to estrogen and as a consequence, the abrogation of estrogen regulated negative feedback on GnRH-induced LH synthesis and release (Rochira et al., 2006) . Furthermore, BaP metabolites can induce antiestrogenic condition in the hypothalamus by binding to estrogen receptors and preventing estrogen receptor recycling at the level of the hypothalamus (Arcaro et al., 1999; Hirose et al., 2001 ). This triggers the nullification of the steroid induced negative feedback on GnRH synthesis and release, concomitant with decreased plasma testosterone during the time periods studied.
The findings of our study strongly suggest that subchronic exposure of rats to BaP contributes to impaired testicular endocrine and exocrine function, altered microenvironment in the epididymis for further sperm maturation and consequently, a reduction in stored sperm density and sperm motility. Data presented in this study should raise awareness among humans who fall into ''at risk'' categories for exposure to this PAH, on the ability of BaP to induce adverse endocrine and reproductive outcomes.
